The phosphatidylinositol-3-kinase (PI3K)/Akt oncogenic pathway is critical in glioblastomas. Loss of PTEN, a negative regulator of the PI3K pathway or activated PI3K/Akt pathway that drive increased proliferation, survival, neovascularization, glycolysis, and invasion is found in 70%-80% of malignant gliomas. Thus, PI3K is an attractive therapeutic target for malignant glioma. We report that a new irreversible PI3K inhibitor, PX-866, shows potent inhibitory effects on the PI3K/Akt signaling pathway in glioblastoma. PX-866 did not induce any apoptosis in glioma cells; however, an increase in autophagy was observed. PX-866 inhibited the invasive and angiogenic capabilities of cultured glioblastoma cells. In vivo, PX-866 inhibited subcutaneous tumor growth and increased the median survival time of animals with intracranial tumors. We also assessed the potential of proton magnetic resonance spectroscopy (MRS) as a noninvasive method to monitor response to PX-866. Our findings show that PX-866 treatment causes a drop in the MRSdetectable choline-to-NAA, ratio and identify this partial normalization of the tumor metabolic profile as a biomarker of molecular drug action. Our studies affirm that the PI3K pathway is a highly specific molecular target for therapies for glioblastoma and other cancers with aberrant PI3K/PTEN expression.
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Keywords: autophagy, bioavailability, cell cycle arrest, glioma, in vivo, PI3K inhibition, PX-866, safety. P hosphatidylinositol-3-kinases (PI3Ks) are important in controlling various aspects of the malignant phenotype, including proliferation, survival and apoptosis, adhesion and mobility, angiogenesis, and cell size. The PI3K pathway is activated by loss of the PTEN gene and also by amplification and mutation of the PIK3CA gene, which encodes the p110a PI3K isoform. The PI3K pathway is the most frequently activated pathway in sporadic human tumors; estimates suggest that mutation in one or more PI3K pathway components accounts for up to 30% of all human cancers. 1 PI3K is activated by both receptor tyrosine kinases and Ras, and PI3K activation in turn activates several downstream signaling pathways through the generation of the lipid second messenger phosphatidylinositol-3,4,5-trisphosphate. In particular, the Akt family (also known as protein kinase B) of serine/threonine kinases has emerged as a critical downstream target of PI3K in human cancer.
Some of the first direct evidence that PI3K deregulation has a role in human cancer was the discovery that genes encoding the p110a PI3K catalytic subunit and Akt are amplified in ovarian, breast, and pancreatic cancer. 1 Also, mutations in the gene encoding the PI3K regulatory subunit p85 were found in some primary colon and ovarian tumors. 2 Strikingly, a large-scale effort to sequence exons of PI3K genes from human tumors revealed clustered regions of point mutations in the p110a catalytic subunit in 20%-30% of the breast, colon, brain, and gastric tumors examined. 3 Investigations of the most frequent p110a tumor mutations have shown that the mutations enhance PI3K activity and drive cell transformation. 4 Sequencing of exons from genes encoding components of the PI3K pathway have revealed point mutations in Akt2 and 3-phosphoinositide-dependent protein kinase 1, amplifications of Akt2 and insulin receptor substrate 2, and mutations in PIK3CA (p110a) and PTEN (a negative regulator of the PI3K pathway). 5 Activating mutations in PIK3CA have been observed in anaplastic oligodendrogliomas, anaplastic astrocytomas, glioblastoma multiforme tumors, and medulloblastomas, as well as other common malignancies. 6, 7 PIK3CA and PTEN mutations have been observed to occur simultaneously in endometrial tumors and glioblastoma multiforme, indicating a potential additive effect of these two mutations on pathway activation. 8 -10 Furthermore, 100% (5 of 5) glioblastoma multiforme tumors with PIK3CA mutations also had 10q loss of heterozygosity, 9 suggesting that PTEN may be haploinsufficient when other mutations serve to upregulate signaling through the PI3K pathway. 11 Since abnormalities in PI3K pathway signaling can render cells sensitive to the effects of specific molecular therapeutics, PI3K inhibitors are likely to follow receptor tyrosine kinase inhibitors as the next major class of targeted drugs.
3 It remains to be determined which PI3Ks should be targeted for particular diseases and to what extent the inhibition of these kinases will impair normal physiology.
In the study reported here, we evaluated the action and therapeutic potential of a potent PI3K inhibitor, PX-866, in the treatment of human glioblastoma. PX-866 is a biologically stable synthetic viridin related to wortmannin 12 and was chosen from a library of over 100 wortmannin analogs. 13, 14 Wortmannin inhibits all PI3K isoforms and has shown antitumor activity against tumor xenografts in animals, 13 but it is a biologically unstable molecule and is therefore not a good drug candidate. Like wortmannin, PX-866 inhibits PI3K by binding covalently to Lys-802 of the catalytic site of p110a (more potently than wortmannin) 15 and Lys-883 of p110g; 16 PX-866 also inhibits p110d. However, unlike wortmannin, PX-866 is a weak inhibitor of PI3K p110b and so shows much reduced dose-limiting on-target toxicity common to PI3K inhibitors. 17 In the present study, we have shown that PX-866 inhibits the activity of target genes in the PI3K/Akt/mTOR cascade and significantly prolongs the median survival of animals with intracranial xenograft tumors without causing any obvious toxic effects. These data suggest that PX-866 inhibition of the PI3K/Akt pathway is a safe and effective therapy for cancers with aberrant PTEN/PI3K expression. In addition, we have shown that magnetic resonance spectroscopy (MRS) may be helpful in monitoring the early molecular response as a noninvasive biomarker of response to PX-866 treatment.
Materials and Methods

Cell Lines
U251, U87, LN229, and LN18 glioblastoma cells were maintained as monolayer cultures in Dulbecco's modified Eagle's medium/F12 supplemented with 10% fetal bovine serum and penicillin-streptomycin (all from Life Technologies, Inc., Grand Island, New York). U251 and U87 are PTEN negative, whereas LN18 and LN229 are PTEN wild-type glioma cells.
Antibodies and Western Blotting
Subconfluent monolayers of cells were treated with PX-866 at various doses in serum-free medium. Four hours later, cells were harvested either stimulated with epidermal growth factor (EGF; 50 ng/mL) for 10 minutes or left untreated. Cells were harvested in lysis solution as described previously 18 and subjected to Western blotting. Membranes were probed with the following primary antibodies: phospho-specific Akt (Ser-473 and Thr-308), total Akt, phospho-MAPK (Thr-202 and Tyr-204), total MAPK, phospho-S6K1, total S6K1, phospho-S6, total S6, and phospho-Rb-S807/S811 (Cell Signaling, Boston, Massachusetts); cyclin D1, cyclin E, and Rb (Santa Cruz Biotechnology, Santa Cruz, California); and p27Kip1 (Transduction Laboratories, San Jose, California). Anti-b-actin antibody was purchased from Sigma (St Louis, Missouri).
Cell Proliferation Assay and Cell Cycle and Autophagy Analyses
The antiproliferative effect of PX-866 on cells growing in culture was determined using the sulforhodamine B assay as described previously. 19 For cell-cycle analysis, 3 Â 10 5 glioblastoma cells were plated per well on 60-mm plates (Costar, Cambridge, Massachusetts) and maintained in 10% fetal bovine serum-containing medium overnight. The next day, the cells were treated with 0.4 and 0.8 mM PX-866. Seventy-two hours later, cells were pelleted, resuspended in 1 mL of 50 mg/mL propidium iodide in phosphate-buffered saline (PBS) containing 20 mg/mL RNase for a further 30 minutes, and then analyzed for DNA content using a FACSCalibur Flow Cytometer and CellQuest software (BD Biosciences, San Jose, California) for any cell-cycle change. For autophagy analysis, cells were plated in a 6-well plate and treated with 0.8 mM of PX-866 for 72 hours, after which the medium was removed and the cells were incubated in 1 mg/mL acridine orange solution at 378C for 15 minutes. Cells were then trypsinized, resuspended in PBS, and analyzed for autophagy using the flow cytometer and software named above.
In addition, cells were transiently transfected glioma cells with the green fluorescent protein-tagged microtubule-associated protein light chain 3 (GFP-LC3) expression vector using the FuGENE 6 transfection reagent (Roche Applied Science, San Francisco, CA) for 24 hours, treated them with or without 0.8 mM of PX-866, fixed the cells with 4% paraformaldehyde, and determined the proportion of cells expressing GFP-LC3 dots (10 dots/cell) under a fluorescence microscope, as described previously. Cells were treated with 0.8 mM PX-866 for 24 hours, and invasion was assessed by counting the number of cells invading through Matrigel-coated transwell inserts as described previously. 21 To measure vascular endothelial growth factor (VEGF), we treated subconfluent cells with 0.4 and 0.8 mM PX-866. After a 24 hour incubation, the cell cultures were rinsed twice with serum-free medium, and 24 hours later, conditioned medium was collected and clarified by centrifugation at 4000 Â g for 5 minutes at 48C; the supernatants were frozen and stored at 2808C until use. The levels of VEGF were measured in conditioned medium samples with the Quantikine ELISA kit (R&D Systems, Minneapolis, Minnesota) according to the manufacturer's instructions.
Animal Studies and MRS
All animal studies were conducted in the veterinary facilities of The University of Texas M. D. Anderson Cancer Center (Houston, Texas) in accordance with institutional, state, and federal laws and ethical guidelines for experimental animal care. We examined the antitumor efficacy of PX-866 in intracranial and subcutaneous xenografts derived from U87 cells. Nude (nu/ nu) 6-8-week-old mice were obtained from the breeding facility at M. D. Anderson Cancer Center.
To create the intracranial disease model, we engrafted U87 human glioblastoma cells (5 Â 10 5 ) into the caudate nucleus of athymic mice using a previously described guide-screw system. 22 Starting on day 4 after the tumor cells were implanted, mice were treated by gavage with 2 mg/kg PX-866 in PBS or PBS alone (control) on a 5-days-on, 2-days-off schedule for 4 weeks. Each group had 10 animals; 2 animals from each group were euthanized at 2 weeks and at 4 weeks for biology studies. At necropsy, all organs were analyzed grossly and microscopically to assess toxicity.
For the subcutaneous model, 3 Â 10 6 cells were implanted in the flanks of athymic nude mice. Tumor diameters were measured with vernier calipers twice a week. The mice were treated, starting on day 4 after tumor implantation, with PX-866 (2.0 mg/kg/day by oral gavage; 5 days a week for 4 weeks).
For magnetic resonance imaging (MRI) and proton MRS studies, tumor cells were implanted using nonferromagnetic screw guides 1 mm anterior and 1.2 mm lateral to the bregma; the animals then followed a treatment schedule similar to that described in the preceding paragraph. All spectroscopic and imaging measurements were conducted using a 7.0-T Biospec USR imaging system (Bruker Biospin, Billerica, Massachusetts). A linear volume resonator with an inner diameter of 72 mm was used for signal excitation in mini-imaging gradients (116-mm inner diameter). An electronically tuned, actively decoupled custom radiofrequency coil (13-mm inner diameter) was used for signal detection. A 3-plane rapid acquisition with relaxation enhancement (RARE) imaging sequence was used to confirm positioning, and axial and sagittal multislice T 2 -weighted images (TE/TR ¼ 60 ms/3000 ms, RARE factor ¼ 8, 4 averages, 156 mm Â 156 mm Â 1 mm resolution) were collected for tumor visualization. Following automatic and manual shim adjustment, point-resolved spectroscopic measurements (TE/TR ¼ 20 ms/2500 ms, bandwidth ¼ 4 kHz, 200 averages, 2048 points) with and without water suppression were acquired over cuboid volumes (voxels) ranging from 1.5 to 80 mm 3 (depending on the tumor size) localized inside the tumor only. To compare the spectra of the tumors with those of normal brain tissues, we also placed a voxel in the unaffected region in the contralateral hemisphere. Tumor dimensions were determined from the MR image, and tumor volume was calculated using the formula (p/6) Â length Â width Â depth. Spectra were analyzed using the MestReC software (Mestrelab Research, Santiago de Compostela, Spain) by determining individual metabolite levels and calculating metabolite ratios. Means and SDs were calculated.
Reverse-Phase Protein Lysate Microarray
Reverse-phase protein lysate microarray (RPPA) was performed in our laboratory as described previously. 23 Briefly, lysis buffer was used to lyse mouse xenografts by homogenization. Tumor lysates were normalized to 1 mg/mL concentration using a bicinchoninic acid assay and boiled with 1% sodium dodecyl sulfate, and the supernatants were manually diluted in 6 or 8 2-fold serial dilutions with lysis buffer. A GeneTAC arrayer (Genomic Solutions, Inc., Ann Arbor, Michigan) created 1152 spot arrays on nitrocellulose-coated FAST slides (Schleicher & Schuell BioScience, Inc., Keene, New Hampshire) from the serial dilutions. Each slide was probed with a validated primary antibody, and the signal was amplified using a Dako Cytomation-catalyzed system (Carpinteria, California). The slides were scanned, analyzed, and quantitated using Microvigene software (VigeneTech, Inc., Carlisle, Massachusetts).
Statistical Analyses
For the in vitro experiments, statistical analyses were done using a 2-tailed Student's t-test. Data are given as the mean + SD. The in vivo therapeutic efficacy of PX-866 was assessed by plotting the Kaplan -Meier survival curves of animals, and group data were compared with using the log-rank test.
Results
PX-866 Blocks Activation of PI3K-Mediated Signaling in Glioblastoma Cells
In this study, we evaluated the time-and dose-dependent effects of PX-866 on PI3K signaling in glioblastoma cells in vitro. Since EGFR becomes activated on binding to EGF and recruits PI3K to the cell membrane. PI3K converts phosphatidylinositol-4,5-bisphosphate (PIP 2 ) to the second-messenger molecule PIP 3 . This second messenger then activates downstream effector molecules, such as Akt and the mammalian target of rapamycin (mTOR), which help induce cellular proliferation and block apoptosis. We found that PX-866 blocked both the basal and EGF-induced phosphorylation of Akt at concentrations as low as 400 nM (Fig. 1) . PX-866 also reduced the activation of intracellular Akt downstream targets, including p70S6K and pS6. However, PX-866 did not inhibit basal and EGF-induced MAPK activation, suggesting that PX-866 selectively blocks the PI3K/Akt pathway.
PX-866-Mediated Glioblastoma Cell Growth Inhibition Is Associated with G1 Cell-Cycle Arrest
To determine the signaling pathways implicated in the proliferation of glioblastoma cells, we studied the proliferation of human glioblastoma cell lines U87, U251, LN229, and LN18 in the presence of PX-866. PX-866 dramatically inhibited the proliferation of all the cell lines tested (Supplementary material, Fig. S1 ). Fig. 2A) , as measured by propidium iodide staining and flow cytometry. Therefore, we explored the effect of PX-866 on cell cycle checkpoint signaling by determining the levels or activity of cyclin D1, cyclin E, and p27Kip1. In PX-866-treated cells, cyclin D1 expression decreased (Fig. 2B ) in comparison to control cells. The effect of the cyclin D1 decrease on the activity of cyclin D/CDK4 complexes was evaluated by measuring the phosphorylation of Rb by cyclinD/ CDK4 with a phospho-Rb-specific antibody that recognizes residues phosphorylated only by cyclin D/CDK4 (Fig. 2B) . The phosphorylation of Rb was strongly reduced in the PX-866-treated cells, indicating that the decrease in the cyclin D1 level was accompanied by a strong decrease in cyclin D/CDK4 complex levels. No effect on cyclin E was observed (Fig. 2B) .
PX-866 Induces Autophagic Cell Death in Glioblastoma Cells
We tested whether PX-866 induced autophagy, which is characterized by the development of acidic vesicular organelles (detected and measured by the vital staining of acridine orange). As shown in Supplementary material, Fig. S2A (available online), PX-866 induced acidic vascular organelles in a dose-dependent manner in U87 cells; the percentage of cells with acidic vascular organelles ranged from 0.8% to 15.7%. We also assessed the presence of a punctate pattern of the GFP-LC3 expression to determine whether PX-866 induces autophagy in malignant glioma cells. U87 cells were transiently transfected with a GFP-LC3 expression NEURO-ONCOLOGY † J U N E 2 0 1 0 vector for 24 hours and then treated with vehicle alone or PX-866 (0.8 mM) for an additional 48 hours, as described previously. 20 Under a fluorescence microscope, the vast majority (30%) of the GFP-LC3-transfected cells showed diffuse distribution of GFP-LC3 in the absence of PX-866, whereas treatment with PX-866 often resulted in a punctate pattern of GFP-LC3 fluorescence (Fig. 2C and D) . This pattern represents the presence of autophagic vacuoles and indicated that LC3 is recruited to autophagic vacuoles in U87-MG cells treated with PX-866.
We also examined the expression of the LC3 proteins, a hallmark of cells undergoing autophagy. Results from the immunoblotting analysis with anti-LC3 antibody indicate that LC3 is involved in PX-866-induced autophagy and that PX-866 stimulates the conversion of a fraction of LC3-I into LC3-II. PX-866 treatment showed a dramatic change in the ratio of cytosolic LC3-I to membrane-bound LC3-II, 24 a modification that is essential for the induction of autophagy and there was an increase in the ratio of LC3-11/LC3-1 in PX-866-treated tumors in comparison to vehicle-treated tumors. This is shown in Supplementary material, Fig. S2B 
PX-866 Inhibits Glioblastoma Cell Invasion
To study whether PI3K plays an important role in cell invasion, we performed a Matrigel invasion assay and counted the number of invasive cells before and after treatment with 0.8 mM of PX-866. We found that glioblastoma cells (LN229 and U251) treated with PX-866 had a cell invasion rate one tenth that of cells treated with medium alone (Fig. 3A) . Quantitative analysis showed that 32% of the LN229 cells and 28% of the PX-866-treated U251 cells invaded to the lower side of the membrane, compared with 100% of the parental LN229 and U251 control cells (Fig. 3B) . This PX-866-mediated PI3K inhibition of glioblastoma cell invasion suggests that PI3K is an important therapeutic target.
Inhibition of PI3K by PX-866 Decreases VEGF Secretion in Glioblastoma Cells
VEGF is a principal mediator of angiogenesis, an important element of cancer progression and one of the hallmarks of tumor metastasis. 25 It has been reported that the PI3K/Akt signaling pathway mediates angiogenesis and the expression of VEGF in cells. We found that conditioned medium from PX-866-treated U87 human glioblastoma cells inhibited VEGF secretion in a dose-dependent manner (Fig. 3C) as determined by an enzyme-linked immunosorbent assay. Considering the slower proliferative rate of PX-866 treated cells, we normalized the VEGF level by cell number. Even after normalizing by the cell number, we still observed a 65% decrease in VEGF secretion by PX-866. Because the PI3K/Akt signaling pathway is important in glioblastoma development and PI3K/Akt stimulation results in the stimulation of VEGF, these data confirm that inhibition of PI3K activity can result in substantial inhibition of the expression and therefore the secretion of VEGF.
PX-866 Treatment Is Safe and Effective in an Intracranial Glioblastoma Xenograft Model
For the subcutaneous model, tumor volume was determined at regular intervals according to the formula volume ¼ l , n ¼ 10; P , .002 by a 2-tailed Student's t-test). All the tumors treated with PX-866 showed growth inhibition, and mean tumor volume decreased by 84% (Fig. 4A) . The antitumor efficacy of PX-866 was also evaluated in the U87 intracranial tumor model. The median survival time of the control mice (ie, those injected with PBS) was 32 days and the mice treated with PX-866 (Fig. 4B) was significantly longer at 39 days (95% CI ¼ 36 -45 days; (P .001; log-rank test). Mice treated with PX-866 had no obvious signs of toxic effects with respect to body weight, water intake, and general activity.
After the mice were sacrificed, brains were removed, and tumors were either snap-frozen for protein analysis or fixed in formalin, embedded in paraffin, sectioned, and stained. Microscopic examination of the brains of control mice revealed no infiltrative tumors growing in NEURO-ONCOLOGY † J U N E 2 0 1 0 a spherical pattern, with a high level of cell proliferation and hypervascularity and an absence of necrosis. In contrast, microscopic examination of the brains of mice treated with PX-866 revealed necrosis and cellular debris (Fig. 4C) . Immunohistochemical analysis further showed a significant reduction in factor VIII-positive staining in PX-866-treated tumor sections as compared with control sections, suggesting that PX-866 may be involved in inhibiting tumor angiogenesis in vivo (Fig. 4C ).
In addition, as measured by the percentage of cells expressing Ki-67, control tumors displayed hypercellular areas with high mitotic numbers, whereas PX-866-treated cells showed decreased proliferation (Supplementary material, Fig. S3A ).
The antitumor effect was also evidenced by decreased levels of phosphorylated Akt and S6 in the tumor tissues, consistent with a blockade of PI3K, as revealed by Western blotting and RPPA of tumor extracts ( Fig. 4D and E) or immunohistochemical analyses of tumor Fig. S3B ). In addition, the lysates of tumor tissue from animals treated with PX-866 showed a dramatic change in the ratio of cytosolic LC3-I to membrane-bound LC3-II, a modification that is essential for the induction of autophagy, indicating that autophagy is involved in tumor growth retardation in vivo (Fig. 4F) .
Characterization of Response of U87 Glioblastoma to PX-866 by MRI and MRS
To determine the effect of PX-866 treatment on glioblastoma tumor size, we studied intracranial U87 tumors by MRI. Tumor volumes decreased significantly after PX-866 treatment; mean tumor volumes + SD were 20 + 11 mm 3 in control mice (n ¼ 10) and 5 + 4 mm 3 in PX-866-treated mice (n ¼ 10, P , .002; Fig. 5A and B).
To assess the potential of MRS-detectable metabolic changes to serve as noninvasive biomarkers of response to PX-866, we also performed localized MRS in control and PX-866-treated mice. The mean choline-to-NAA ratio (Cho/NAA) + SD of spectra from normal contralateral brain tissue was 0.8 + 0.1 and PX-886 treatment did not affect the spectra recorded from normal brain tissues. In contrast, spectra from tumors indicated that mean Cho/NAA + SD was 30% lower in PX-866-treated tumors (1.2 + 0.5, n ¼ 10) than in untreated tumors (1.7 + 0.4, n ¼ 10; P , .002). Interestingly, relatively smaller tumors (3.2 + 0.3 mm 3 ; n ¼ 3) also exhibited a significant elevation in the composite lipid and lactate (lac-lip) peak typically indicative of necrosis (Cho/lac-lip increased from 2 + 1 to 0.2 + 0.2; P , .001), and in those tumors, Cho/NAA was comparable with normal contra-lateral brain (0.7 + 0.9; P ¼ .2). Thus, PX-866 treatment resulted in smaller tumors with Cho/NAA values closer to those observed in normal brain. Thus, PX-866 treatment resulted in MRS-detectable metabolic changes indicative of partial normalization of the metabolic profile. In addition, we successfully used MRS to noninvasively monitor the molecular effects of PX-866 on glioblastomas in vivo, indicating that MRS could be valuable in monitoring early molecular response to PX-866 in patients.
Discussion
We investigated the role of the PI3K inhibitor PX-866 in a set of well-characterized glioblastoma cell lines and found that PX-866 treatment for 72 hours resulted in dose-dependent growth inhibition. Consistent with its role as a PI3K antagonist, PX-866 inhibited the ability of EGF to induce Akt phosphorylation and also inhibited other PI3K-mediated downstream targets. We suggest here a dual mechanism of PX-866-induced inhibition of PI3K signaling involving (i) downregulation of cell cycle-regulating protein cyclin D1, the synthesis of which is regulated by p70S6K and 4E-BP-1 and involves cell cycle arrest in G1 phase, and (ii) induction of autophagy. This dual mechanism of action of PX-866 may contribute to the efficacy of PX-866 observed in our studies. The antiproliferative activity of PX-866 occurs partly through inhibition of cell-cycle progression in 26 curcumin, 20 and temozolomide 27 induce a type II programmed cell death, autophagy, which suggests that autophagy may be a response of tumor cells to the blockage of signals for survival. Therefore, cell-cycle arrest in G1 may directly contribute to autophagy as PX-866 increased LC3 cleavage, and this may represent a highly conserved mitotic or postmitotic checkpoint control of autophagy. 28 It has recently been reported that cooperativity between blockade of PI3K and mTOR signaling impacts autophagy in glioma cells. 29 A similar observation of G 1 cell-cycle arrest has been reported for other PI3K inhibitors. 30 The PI3K/Akt signaling pathway mediates invasion, angiogenesis, and the expression of VEGF in cells. 31 -33 This stimulation of VEGF in cancer cells can be mediated by autocrine or chronic stimulation by growth factors such as insulin-like growth factor-1, constitutive activation of PI3K, or constitutive activation of Akt due to inactivation of the tumor suppressor PTEN. 32, 33 Here, we report that inhibition of PI3K by a potent PI3K inhibitor resulted in statistically significant suppression of VEGF secretion. A similar antiangiogenic activity was previously observed for another PI3K inhibitor, SF1326. 34 Importantly, PX-866 also inhibited the invasive potential of both U87 and LN229 cells. Thus, we conclude that PX-866 is directly involved in the inhibition of invasion and angiogenic potential of glioblastoma cells. In addition, in the present study, it was clear that PI3K triggers the invasion and angiogenesis of glioblastoma cells and that the pharmacologic inhibition of this pathway significantly abolishes invasiveness and angiogenesis. Recent studies have shown that the PI3K pathway is an attractive therapeutic target because of its integral role in the regulation of tumor proliferation, invasiveness, and survival. 35 Multiple studies with small interfering RNAs and pharmacologic inhibitors have shown the importance of PI3K blockade, and several agents that target this pathway are already undergoing clinical testing; some have already shown promise in clinical trials. 36, 37 For example, LY294002 has been tested in an ectopic skin and orthotopic brain tumor model and has been shown to inhibit glioma tumor growth.
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LY294002 has also shown efficacy against ovarian carcinoma.
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Consistent with these results, we also found therapeutic activity of PX-866 in human tumor xenograft models, where immunohistochemical and RPPA analyses showed that p-Akt and pS6 inhibition were linked to an 84% growth inhibition in a subcutaneous tumor model and an increase in the median survival of mice with intracranial U87 tumors from 32 to 39 days. Also, MRI findings indicated that tumor growth was inhibited approximately 75% after PX-866 treatment. This was similar to the growth inhibition observed in the subcutaneous tumors. Although the increase in survival was only 7 days (30%) more in PX-866-treated animals, this increase in 30% is statistically significant (P , .001) in a nude mouse model. Although we have shown adequate targeting of PX-866 to the tumor by showing treatment with PX-866 effectively decreased p-Akt and pS6 in the treated animals using Western blots and the novel RPPA technique, the effectiveness of the treatment does not seem to be so robust due to the activation of a collateral pathway for tumor survival. We believe that tumor heterogeneity and complex compensatory or collateral pathways negate the therapeutic efficacy of suppressing a single node. The logical next step is to identify the compensatory pathways responsible for maintaining cell survival when PI3K is inactivated and suggests that additional refinement of this overall approach is necessary.
As expected, 1 H spectroscopy showed a significant difference in the Cho/NAA ratio between tumors and normal contralateral brain tissue, consistent with previous findings, such as those reported by Workman et al. 40 More importantly, PX-866 treatment led to significant alterations in the spectra of treated tumors compared with those of untreated tumors. Specifically, spectra from treated tumors had significantly lower Cho/NAA. This observation is consistent with our previous finding that a drop in phosphocholine, the main component of the choline peak, is associated with PI3K inhibition in cells treated with wortmannin, an analog of PX-866. 41 In addition, our observation that relatively small tumors were characterized by an increase in the lactate -lipid peak typically associated with necrosis in brain tumors 42 is consistent with our histological findings indicating that PX-866 can lead to necrosis. Thus, the drop in Cho/NAA in PX-866 tumors is likely indicative of PI3K inhibition, tumor cell death, and the presence of a larger proportion of cells with normal Cho/NAA. This more normal appearing metabolic signature could predict better long-term response.
In summary, our results affirm that PX-866 is an effective specific inhibitor of PI3K; that the PI3K/Akt pathway is a highly specific molecular target for the development of molecular therapeutics for glioblastoma and other cancers with aberrant PTEN/PI3K expression; and that PX-866 treatment results in MRS-detectable metabolic changes that indicate a partial normalization of the metabolic profile of treated tumors. This illustrates the potential of MRS to noninvasively monitor the molecular effects of PX-866 in glioblastomas in vivo. Further studies monitoring the longitudinal effect of PX-866 treatment need to be performed to confirm the value of MRS in monitoring early molecular response to this PI3K inhibitor in patients.
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